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Establishment of persistent Epstein-Barr virus (EBV) infection requires transition from a program of full viral latency gene ex-
pression (latency III) to one that is highly restricted (latency I and 0) within memory B lymphocytes. It is well established that
DNA methylation plays a critical role in EBV gene silencing, and recently the chromatin boundary protein CTCF has been impli-
cated as a pivotal regulator of latency via its binding to several loci within the EBV genome. One notable site is upstream of the
common EBNA gene promoter Cp, at which CTCF may act as an enhancer-blocking factor to initiate and maintain silencing of
EBNA gene transcription. It was previously suggested that increased expression of CTCF may underlie its potential to promote
restricted latency, and here we also noted elevated levels of DNA methyltransferase 1 (DNMT1) and DNMT3B associated with
latency I. Within B-cell lines that maintain latency I, however, stable knockdown of CTCF, DNMT1, or DNMT3B or of DNMT1
and DNMT3B in combination did not result in activation of latency III protein expression or EBNA gene transcription, nor did
knockdown of DNMTs significantly alter CpG methylation within Cp. Thus, differential expression of CTCF and DNMT1 and
-3B is not critical for maintenance of restricted latency. Finally, mutant EBV lacking the Cp CTCF binding site exhibited sus-
tained Cp activity relative to wild-type EBV in a recently developed B-cell superinfection model but ultimately was able to transi-
tion to latency I, suggesting that CTCF contributes to but is not necessarily essential for the establishment of restricted latency.

Epstein-Barr virus (EBV) establishes a lifelong, largely quiescent
(latent) infection within B lymphocytes of its human host.

This requires the concerted actions of the viral latency-associated
genes, several of which are believed to facilitate a germinal center
(GC)-like reaction to promote differentiation of infected B cells
into ones phenotypically defined as memory B cells and which
serve as the primary reservoir of EBV within persistently infected
individuals (reviewed in reference 59). During the establishment
of latency in vivo, infected B cells must transition through several
programs of EBV latency gene transcription, beginning with ex-
pression of the full complement of latency proteins (the latency III
program), i.e., six nuclear antigens (EBNAs) and three integral
plasma membrane proteins (LMPs), that is associated with a rapid
EBV-induced expansion of infected cells. Thereafter, expression
proceeds through a more restricted program limited to EBNA1,
LMP1, and LMP2 (latency II) and ultimately to a complete restric-
tion of EBV protein expression in the memory B cell (latency 0
[alternatively, the latency program]) (reviewed in reference 44).
During subsequent periods of limited cell division, reactivation of
expression of the EBV genome-maintenance protein EBNA1
alone (latency I) occurs to ensure against loss of the episomal viral
genome (12).

With the exception of latency 0, each of the viral latency pro-
grams was originally described in the context of various EBV-
infected cell lines or tumors (44). The great efficiency with which
EBV is able to infect and immortalize primary B lymphocytes in
vitro into lymphoblastoid cell lines (LCLs) (39) that maintain la-
tency III has greatly facilitated our understanding of the transcrip-
tional regulatory mechanisms involved in the early stages of estab-
lishment of EBV latency within the B-cell pool. Upon infection,
transcription of the EBV genome initiates from a B-cell-specific
promoter, Wp, that gives rise to the mRNAs encoding the EBNAs
as well as to early latency-specific transcripts encoding the EBV
Bcl-2 homolog BHRF1 (2, 4, 22, 25, 60, 61, 69). Shortly thereafter,
Wp is downregulated, primarily by transcriptional interference

upon EBNA2-mediated activation of the promoter Cp (�3 kbp
upstream of Wp), which then becomes the dominant source of
mRNAs encoding the six EBNA proteins (19, 40, 41, 49, 55, 67, 69,
70). LMP gene transcription is largely dependent on the EBNAs
(1, 3, 10, 18, 33, 65, 73, 74), and therefore LMP expression follows
that of the EBNAs (2). Much less is known about the transition
from latency III to the restricted latency programs, as primary B
cells infected with EBV in vitro are most likely incapable of auton-
omous transition to restricted latency, and their survival is depen-
dent on maintenance of the latency III program. Consequently,
the events mediating the transition to and maintenance of the
restricted latency programs have been largely surmised from stud-
ies of tumor cell lines that maintain latency I or II and whose
survival and growth in vitro are not absolutely dependent on EBV.

Nonetheless, we have a reasonably good understanding of the
general process that leads to persistent EBV latency in B lympho-
cytes. What remains unclear, however, are the molecular mecha-
nisms that orchestrate this process, particularly those that initiate
and maintain silencing of the appropriate latency genes. Most
attention in this area has focused on the role of DNA methylation,
with early studies revealing the EBV genome to be progressively
methylated following infection of primary B cells (24) and that
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reversal of CpG DNA methylation by treatment with
5-azacytidine results in the reactivation of EBNA and LMP expres-
sion in Burkitt lymphoma (BL) cell lines, which normally limit
expression to EBNA1 (latency I) via an EBNA1-exclusive pro-
moter (Qp) from heavily methylated EBV genomes (32). Subse-
quent investigations identified methylated CpG residues within
latency gene promoters that either correlated with transcriptional
inactivity, inhibited transcription, or prevented binding by key
transcriptional activators (17, 45, 47, 48, 52, 53, 56, 62) and that in
some instances were found to be actually methylated within pe-
ripheral blood B cells isolated from healthy EBV-infected individ-
uals (37, 46). Collectively, these studies have provided strong ev-
idence that DNA methylation is critical to establishment of
restricted latency programs, though CpG methylation has been
observed to lag behind transcriptional downregulation of at least
one of the EBNA gene promoters (Wp) that is silent during re-
stricted latency (16). Thus, methylation of the EBV genome may
be more critical to maintenance of a transcriptionally silent state
than to its initiation, though how it may be specifically regulated
has yet to be determined.

Efforts to define other mechanisms that contribute to silencing
of EBV latency gene expression have recently focused on a poten-
tial regulatory role for the chromatin boundary factor CTCF,
which binds to several transcriptional regulatory loci within the
EBV genome in latently infected B-cell lines (5, 6, 8, 13, 58). Of
particular interest is the possible contribution to silencing of the
common EBNA gene promoter Cp (active only in latency III),
which must occur for progression to any of the restricted latency
programs (i.e., latency 0, I, or II). Notably, Chau et al. (6) have
provided several lines of evidence to suggest that CTCF, acting in
its capacity as an enhancer-blocking factor, may promote the ini-
tiation and maintenance of restricted latency when bound to a site
(�822 to �776) between Cp and its EBNA1-dependent enhancer
located upstream within the EBV latency-specific origin of DNA
replication, oriP. Further, their observation that CTCF expression
and occupancy of these sites within Cp are higher in B-cell lines
that maintain latency I than in those that support latency III led to
the proposal that the basis for a differential silencing of Cp by
CTCF might lie in its increased expression within cells able to
support conversion to a restricted latency program (6). In con-
trast, a second study, employing a broader panel of EBV-positive
cell lines, failed to note a strict correlation between CTCF binding
and Cp inactivity (51). Furthermore, due to the nature of the
assays performed in the former study (6), it is difficult to conclude
with certainty whether CTCF is truly required for actual establish-
ment or maintenance of restricted latency, and a subsequent anal-
ysis found that CTCF binding sites placed upstream of Cp, albeit
within the context of a heterologous reporter plasmid, actually
promoted EBNA1 transactivation of Cp (8). Thus, the precise
contribution of CTCF to silencing of Cp is unclear.

To address the issues raised above, we directly examined the
requirement for CTCF in the establishment and maintenance of
restricted latency and addressed the role that differential expres-
sion of the maintenance and de novo DNA methyltransferase 1
(DNMT1) and DNMT3B, respectively, may play in maintenance
of restricted EBV latency. The latter was prompted by our obser-
vation that DNMT1 and DNMT3B mRNA expression is consis-
tently upregulated in B-cell lines that support latency I relative to
those that sustain the latency III program. In BL lines that support
latency I, stable short hairpin (shRNA)-mediated knockdown of

DNMT1 and DNMT3B, either individually or in combination, to
levels at or below those maintained in B-cell lines that sustain
latency III did not result in the reactivation of latency III protein
expression, nor did it result in detectable activation of Cp (or Wp)
or a significant decrease in CpG methylation within its 5= regula-
tory region. Thus, elevated expression of these DNMTs would
appear not to be critical for the maintenance of restricted latency
in B cells. Likewise, stable knockdown of CTCF did not result in
reactivation of Cp or latency III-specific EBV protein expression
in BL cells that normally maintain latency I. Most importantly,
however, employing a BL cell superinfection model that we have
recently developed for such studies (14), a mutant recombinant
EBV (rEBV) deleted for the previously identified Cp CTCF bind-
ing site exhibited delayed silencing of Cp in transitioning from
latency III to I relative to infection with wild-type (wt) rEBV.
Thus, our results are consistent with a role for CTCF in the estab-
lishment of restricted latency.

MATERIALS AND METHODS
Cell lines. Akata (Ak-BL), Kem I, and Mutu I are EBV-positive BL cell
lines that maintain a latency I program of EBV gene expression. Kem III
and Mutu III are BL lines derived from the same tumor as their counter-
parts Kem I and Mutu I but which maintain a latency III program. EBV-
negative Ak-BL cells and their reinfected counterparts that maintain la-
tency I have been described (50). Sal, Oku, and P3HR-1 are BL lines that
maintain a Wp-restricted program of EBV latency gene expression and
harbor only EBV genomes that contain an 8.5-kbp (Sal), 6.7-kbp (Oku),
or 6.8-kbp (P3HR-1) deletion that removes (left to right) the C-terminal
coding region for EBNA-LP, the entire BYRF1 (EBNA2) and BHLF1 open
reading frames (ORFs), and the leftmost lytic cycle origin of DNA repli-
cation, oriLytL (21). LCLs TN11/10 and Ak-LCL (gifts of John Sixbey and
Lindsey Hutt-Fletcher) were generated by outgrowth in vitro of EBV-
infected peripheral blood B cells or by infection of primary B lymphocytes
in vitro with the Akata isolate of EBV, respectively. All lymphoid cell lines
were maintained in RPMI 1640 medium supplemented with 2 mM
L-glutamine and 10% fetal bovine serum (HyClone). The human embry-
onic kidney-derived cell line HEK293 was maintained in Dulbecco mod-
ified Eagle medium (DMEM) supplemented with 2 mM L-glutamine and
10% fetal bovine serum (HyClone), except as noted below for production
of rEBV.

Immunoblot analysis. EBV and cellular proteins within whole-cell
extracts (50 �g per sample) were detected by standard immunoblotting
techniques using the following antibodies: EBNA-1, rabbit antiserum (gift
of Janet Herring); EBNA2, monoclonal antibody (MAb) PE2 (71); LMP1,
monoclonal antibody S12 (31); DNMT1, clone 18 (BD Transduction Lab-
oratories); CTCF, polyclonal rabbit antiserum (Millipore); �-tubulin,
H-234 (Santa Cruz); and �-actin, MAb JLA20 (Calbiochem).

RT-PCR. Total cellular RNA was extracted using RNA-BEE (Tel-Test)
according to the manufacturer’s instructions and treated with RQ1-
DNase (Promega) to remove residual DNA. cDNA was generated from 2
�g total RNA in 20-�l reaction mixtures with 200 U SuperScript III re-
verse transcriptase (RT) (Invitrogen) according to the manufacturer’s in-
structions, using either 0.1 pmol gene-specific primer (GSP) for EBV
transcripts or 5 ng oligo(dT)12-18 (Invitrogen) for GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) and DNMT3B mRNAs.
Nucleotide sequences and descriptions of primers used for RT-PCR are
provided in Table S1 in the supplemental material. Corresponding
negative-control reactions lacked RT. Standard PCR was performed with
2 �l of cDNA synthesis reaction product with or without RT in 25-�l
volumes containing 0.5 �M each primer, 0.25 mM each deoxynucleoside
triphosphate (dNTP), 2 mM MgSO4, 1� HiFi PCR buffer (Invitrogen),
and 1 U Platinum Taq high-fidelity DNA polymerase (Invitrogen). PCR
parameters were as follows: 3 min of denaturation at 95°C, followed by 35
cycles of 60 s at 95°C, 60 s at the annealing temperature (see Table S1 in the
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supplemental material), and 60 s at 68°C, followed by a final extension for
10 min at 68°C.

For quantitative RT-PCR (qRT-PCR) of DNMT3B gene transcripts
(35), 2 �l oligo(dT)-primed cDNA was used as the template in 20-�l
reaction mixtures containing iQ SYBR green Supermix (Bio-Rad) and 0.5
�M each primer. Amplification was performed using a DNA Engine Op-
ticon2 real-time PCR machine (Bio-Rad) with the following cycling pa-
rameters: 10 min of denaturation at 94°C, followed by 35 cycles of 10 s at
95°C, 20 s at 58°C, and 15 s at 72°C. Melting curve analysis (between 65°C
and 95°C with fluorescence readings taken at 0.2°C increments) was used
to verify PCR specificity. Quantification of GAPDH mRNA was used to
normalize expression levels between samples. The mean cycle threshold
(CT) was determined from three independent reactions per cDNA sam-
ple, and fold differences in expression were determined using the ��CT

method. DNMT3B gene expression in Kem III and Mutu III cells was
compared, respectively, to that in the Kem I and Mutu I BL lines, whose
expression levels were arbitrarily set to 1. One-sample Student t tests were
used to determine statistical differences.

Knockdown of gene expression. Stable knockdown of DNMT1,
DNMT3B, and CTCF expression in Kem I and Mutu I cells was accom-
plished using SureSilencing shRNA expression plasmids (SABiosciences)
that also encode either hygromycin or puromycin resistance. Control cell
lines received an shRNA expression plasmid provided by the manufac-
turer that does not affect cellular gene expression. Briefly, 3 � 106 cells
were transfected with plasmid by Amaxa Nucleofection (Lonza) using
solution V and Nucleofection program G-016. For knockdown of
DNMT1 or DNMT3B (and corresponding controls), cells received 5 �g
plasmid. For knockdown of CTCF, cells were transfected with 4 different
shRNA plasmids (5 �g each), and corresponding control cell lines re-
ceived 20 �g control shRNA plasmid. Two days after Nucleofection, cells
were plated at 2 � 104 (Kem I) or 5 � 103 (Mutu I) per well in 96-well
plates and placed under puromycin selection (Kem I, 200 ng/ml; Mutu I,
2 �g/ml). After expansion of drug-resistant cells, knockdown of expres-
sion was confirmed by immunoblotting for DNMT1 and CTCF or by
qRT-PCR for DNMT3B isoform 3 (due to lack of quality antibody). For
double knockdown of DNMT1 and DNMT3B expression, plasmids en-
coding DNMT1-specific shRNAs (encoding hygromycin resistance) were
introduced into lines in which DNMT3B had previously been knocked
down. Following combined selection under hygromycin (Kem I, 200 �g/
ml; Mutu I, 400 �g/ml) and puromycin (as described above), lines in
which DNMT1 expression was knocked down were identified and the
knockdown of DNMT3B expression reconfirmed.

Analysis of CpG methylation. Pyrosequencing (7) was used to quan-
titatively assess CpG methylation of the Cp region of the EBV genome.
Briefly, DNA was purified from cells using the QIAamp DNA Mini Kit
(Qiagen), and 1 �g (per subsequent PCR amplification) was treated with
sodium bisulfite using the EZ DNA Methylation Gold kit (Zymo Re-
search). Each PCR product was generated using a two-step approach, with
the second step incorporating a 3= biotin modification. The products from
two separate amplifications (Cp1 and Cp2) together spanning the Cp
region of the EBV genome per cell line were then subjected to pyrose-
quence analysis (see Fig. S1 in the supplemental material). For the first
round of PCR, bisulfite-treated DNA was amplified in 25-�l reaction
mixtures containing 0.5 �M each primer, 0.25 mM each dNTP, 2 mM
MgSO4, 1� HiFi PCR buffer (Invitrogen) and 1 U Platinum Taq high-
fidelity DNA polymerase (Invitrogen). Primers used to amplify Cp1 and
Cp2 were 5=Cp1 (5=-AGAAATTAGTTGAGAGGTTAGTGTTT-3=) and
3=Cp1 (5=-GGGACACCGCTGATCGTTTACCCCCCCTAATATTATTA
CCACTT-3=) and 5=Cp2 (5=-GTGGGAAAAAATTTATGGTTTAG-3=)
and 3=Cp2 (5=-GGGACACCGCTGATCGTTTATAAAACCTTAATCCC
CCCCTTA-3=); the underlined sequence in each reverse primer is com-
plementary to the biotinylated universal reverse primer used in the second
step (see below). PCR parameters were as follows: 3 min of denaturation
at 94°C, then 40 cycles of 45 s at 94°C, 30 s at 55°C, and 45 s at 68°C,
followed by a final extension for 5 min at 68°C. The second round of PCR

was performed as described above, but using 2 �l first-round product as
the template, the original corresponding forward primer (5=Cp1 or
5=Cp2), and a biotinylated universal reverse primer (5=-biotin-
GGGACACCGCTGATCGTTTA-3=) that binds to the tailed first-round
products. The biotinylated strands of the PCR products were purified
using a Vacuum Prep Tool (Qiagen) according to the manufacturer’s
protocol and were used as the template in pyrosequencing reactions in the
presence of 500 nM sequencing primer using a PyroMark MD pyrose-
quencer (Qiagen) according to the manufacturer’s recommendations. As
illustrated in Fig. S1 in the supplemental material, Cp1 products were
sequenced with a single primer (5=-AAGATTATTAAGTTGGTGTA-3=);
sequencing of Cp2 products required two separate primers (5=-AGGATT
ATAGTTAATAAGAG-3= and 5=-GTGGAGTAAAGTTTAAAGTG-3=).

Generation of rEBV. All EBV used in this study was rEBV derived
from Ak-GFP-BAC (clone 12-15), a bacterial artificial chromosome
(BAC) containing the genome of the Akata isolate of EBV (20) and main-
tained in Escherichia coli strain DH10B under chloramphenicol (Cm) se-
lection. Generation of rEBV in which the CTCF binding site between oriP
and Cp (6) had been deleted was accomplished by recombineering in E.
coli strain SW105 (obtained from the Mouse Cancer Genetics Program,
NCI-Frederick) (see Fig. 7). The DNA-targeting construct used consisted
of a tetracycline resistance gene cassette flanked by 276- and 275-bp EBV
DNA homology arms that were generated by PCR from Ak-GFP-BAC and
represented DNA immediately upstream and downstream of the locus to
be deleted (nucleotide coordinates 10394 to 10590 of the EBV genome;
accession number NC_007605.1). The upstream arm (nucleotides 10118
to 10393) was amplified with forward primer 5=-GCctcgagCAAAGCCAT
GAGTGAATTTGAC-3= (lowercase, XhoI site) and reverse primer 5=-GC
aagcttgcgatcgCTGCAGTGTCCCTGCTGCC-3= (lowercase, HindIII site;
underlined, AsiSI site) and following digestion was ligated between the
XhoI and HindIII restriction sites of the multiple-cloning site of pBlue-
script II KS(�) (Stratagene), yielding �CTCF-pBS-US. The downstream
arm (nucleotides 10591 to 10865) was generated using forward primer
5=-GCgcgatcgcAGGCCTTGCAGGGCAGAC-3= (lowercase, AsiSI site)
and reverse primer 5=-GCgaattcGCTTGGGTTTCTAATTGGGACAC-3=
(lowercase, EcoRI site), digested, and ligated into �CTCF-pBS-US be-
tween the AsiSI site within the upstream arm and the EcoRI site of pBlue-
script II KS(�), making �CTCF-pBS-USDS, which was verified by DNA
sequence analysis. Next, an AsiSI restriction fragment containing a tetra-
cycline resistance gene flanked by Flippase (Flp) recombinase target
(FRT) sites was purified from the plasmid pFRT-rpsL-Tet-FRT (rpsL is a
counterselection gene irrelevant to these studies) and ligated into the
AsiSI site of �CTCF-pBS-USDS between the EBV DNA-targeting arms.
From this plasmid, the DNA-targeting fragment (US-FRT-rpsL-Tet-
FRT-DS) was removed by XhoI and EcoRI digestion and purified by aga-
rose gel electrophoresis.

To generate �CTCF-Ak-GFP-BAC, SW105 cells containing Ak-GFP-
BAC were grown at 32°C to an optical density at 600 nm (OD600) of 0.5
and then induced to express recombination proteins by being shifted to
42°C for 15 min, followed by rapid cooling and washing (27). These cells
were then transformed (by electroporation) with 300 ng targeting frag-
ment and selected for tetracycline resistance (Tetr). To remove DNA
flanked by the EBV DNA-targeting arms, Tetr clones were grown at 32°C
to an OD600 of 0.5; L-arabinose was then added to 10% (wt/vol) to induce
expression of the Flp, and incubation was continued for 1 h. Bacteria were
then plated onto LB agar plates, and Cmr colonies were replica plated onto
tetracycline-containing agar to identify those that had lost the tetracycline
resistance cassette. To verify proper recombination, BAC DNA from Cmr

Tets colonies was amplified by PCR and subjected to DNA sequence anal-
ysis using primers with annealing sites in the EBV genome outside the two
homology arms present in the targeting fragment. To ensure against ille-
gitimate recombination elsewhere in the EBV genome, BAC DNA puri-
fied using the NucleoBond BAC100 kit (Clontech) was examined by aga-
rose gel electrophoresis and standard Southern blot hybridization analysis
following digestion with BamHI (see Fig. 7) or NheI (not shown).
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Virus production and superinfection of BL cells. To produce wt or
�CTCF rEBV, HEK293 cells were transfected with 2 �g Ak-GFP-BAC or
�CTCF-Ak-GFP-BAC DNA, respectively, using TransIT-293 transfec-
tion reagent (Mirus), and individual clones harboring EBV-BAC DNA
were selected based on green fluorescent protein (GFP) expression and
growth in standard DMEM growth medium containing 500 �g Geneticin
(Cell Gro) per ml. To induce EBV replication, HEK293 clones were tran-
siently transfected with 1 �g each of expression plasmids encoding the
EBV proteins BZLF1 and BALF4; at 24 h posttransfection, 12-O-
tetradecanoylphorbol 13-acetate (TPA) and sodium butyrate were added
to the culture medium to 20 ng/ml and 1.47 mM, respectively. After 3 h,
cell monolayers were rinsed and then incubated in fresh RPMI (instead of
DMEM) growth medium for 3 days, after which the culture medium was
clarified by low-speed centrifugation and passed through a 0.45-�m filter.
Successful virus production was determined by infecting Raji BL cells
using a “spin-infection” protocol in which 5 � 105 cells were mixed with
1 ml of the virus-containing HEK293 culture medium in each well of a
6-well plate and centrifuged at 200 � g for 1 h at 4°C. Plates were then
incubated at 37°C for 24 h, followed by addition of 2 ml fresh growth
medium. At 3 days postinfection, Raji cells were microscopically scored
for GFP expression to identify the HEK293 clones that most efficiently
produced rEBV. Virus produced in this manner was used to superinfect
Kem I BL cells by the same method. At 5 to 7 days postsuperinfection, cells
were placed under Geneticin selection (400 �g/ml) and expanded directly
from the 6-well plates.

RESULTS
Elevated expression of maintenance and de novo DNMTs dur-
ing restricted latency. That the elevated expression of DNMTs
may contribute to maintenance of restricted EBV latency was sug-

gested by a series of mRNA profiling analyses we performed to
identify cellular genes differentially regulated between the latency
I and III programs of EBV latency, e.g., as between the Kem I and
Kem III BL lines, respectively. Our results indicated that the levels
of the mRNAs encoding the maintenance and de novo DNA meth-
yltransferases DNMT1 and DNMT3B, respectively, were consis-
tently higher by severalfold in the Kem I cells. We did not detect a
significant difference in the mRNA levels for DNMT3A, the sec-
ond known de novo DNMT. For DNMT1 this difference was con-
firmed by immunoblotting and extended to other B-cell lines la-
tently infected with EBV. As shown in Fig. 1, the DNMT1 level was
higher in all BL cell lines that maintain latency I than in lines that
support latency III, with the lowest level of DNMT1 expression
observed in the one LCL examined (Ak-LCL). We observed inter-
mediate to high DNMT1 levels (relative to Kem I) in the three
lines evaluated that maintain a Wp-restricted latency (Fig. 1, Oku,
Sal, and P3HR-1). Further, because DNMT1 levels were equiva-
lent in EBV-positive and -negative Ak-BL cells and did not in-
crease upon reestablishment of latency I after reinfection of EBV-
negative Akata cells (Fig. 1), it would appear that the virus is not
responsible for the apparent upregulation of DNMT1 expression
during the latency I program.

We were unable to reliably assess DNMT3B levels by immuno-
blotting due to lack of a quality antibody to detect endogenous
DNMT3B in our cell lines. Therefore, we assessed DNMT3B3 lev-
els by qRT-PCR. As shown in Fig. 2, the levels of this DNMT3B
mRNA were approximately 10-fold higher in the Kem I and Mutu
I BL lines than in their isogenetic latency III-maintaining coun-
terparts.

Elevated expression of DNMT1 or DNMT3B alone is not re-
quired to maintain restricted latency. We next asked whether
elevated DNMT1 or DNMT3B expression is necessary to sustain
the latency I program within BL cell lines, which are the most
widely used in vitro model of a restricted EBV latency program
observed in normal latently infected B cells within the host. To do
this, we introduced shRNA expression vectors to stably knock
down DNMT1 or DNMT3B in Kem I and Mutu I BL cells and
assessed whether this would result in reactivation of the latency III
program. As shown in Fig. 3A, we achieved stable knockdown of
DNMT1 to levels approximating or even below that seen in the
respective Kem and Mutu BL lines that maintain latency III. How-
ever, in none of these cell lines did we observe an activation of
either EBNA2 or LMP1 expression indicative of latency III (Fig.
3B). We did observe an apparent increase in the expression of

FIG 1 DNMT1 expression is elevated during restricted EBV latency. Levels of
DNMT1 within B-cell lines that maintain the EBV latency I, latency III, or
Wp-restricted transcriptional program (Lat Prog) were assessed by immuno-
blot analysis. Ak-LCL is a B LCL generated by infection in vitro with the isolate
of EBV obtained from the Akata BL line (Ak-BL); Reinf.Ak-BL is an EBV-
negative (EBV-neg) Ak-BL cell line reinfected with a recombinant Akata iso-
late of EBV carrying a neomycin resistance gene in its BDLF3 gene (50).
�-Actin served as a loading control. N/A, not applicable.

FIG 2 DNMT3B expression is elevated during restricted EBV latency. The relative levels of the mRNAs encoding the de novo DNA methyltransferase DNMT3B
during latency I and III maintained within paired Kem I/III and Mutu I/III BL cell lines were measured by qRT-PCR. Data shown are for the mRNA isoform 3B3
encoding DNMT3B (35) and are from a representative experiment in which each RNA/cDNA sample was analyzed in triplicate. GAPDH mRNA levels were used
to normalize input between samples. The one-sample Student t test was used to determine statistical differences.
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LMP1 in one Mutu I line (Fig. 3B, shDNMT1 line 4.3), but knock-
down of DNMT1 in this line was minimal, if at all, and the
DNMT1 level was actually higher than in the negative-control
line, which, like line 4.1 (with the greatest degree of knockdown),
expressed a low level of LMP1 comparable to that seen in the
parental Mutu I cells. Further, unlike Kem I cells, which strin-
gently maintain a latency I pattern of EBV gene expression, we
often observe a low level of LMP1 expression in Mutu I cells,
suggesting that a subpopulation of these drift between latency I
and II. Thus, it is unlikely that any expression of LMP1 in these
Mutu I-derived lines was due to specific effects of the DNMT1
shRNA.

We next performed analogous experiments to determine
whether knockdown of DNMT3B was sufficient to promote reac-
tivation of latency III. Again, we assessed DNMT3B expression by
qRT-PCR. Note that while we assessed our knockdown efficiency
by determining the level of the 3B3 isoform of DNMT3B mRNAs
(35), the shRNAs employed were designed to target all of the
DNMT3B-coding mRNAs. As shown in Fig. 4A, we achieved sig-
nificant and stable knockdown in two lines each of Kem I and
Mutu I cells to levels at or below those maintained in the respective
Kem III and Mutu III lines. As we had observed for DNMT1,
knockdown of DNMT3B did not result in the activation of either
EBNA2 or LMP1 expression (Fig. 4B).

Combined elevation of DNMT1 and DNMT3B is not re-
quired for maintenance of restricted latency. Although DNMT1
is considered the cellular maintenance DNMT, knockout of both
DNMT1 and DNMT3B alleles by homologous recombination in
cultured colorectal tumor cells has been shown to result in a min-
imal decrease in global DNA methylation, whereas genetic inacti-
vation of both DNMTs together results in nearly complete loss of
genome methylation (43). Therefore, to determine whether ele-
vated expression of both DNMT1 and DNMT3B is required to
sustain restricted latency, we performed double DNMT knock-
down by targeting DNMT1 expression within our Kem I and

Mutu I BL lines in which DNMT3B had previously been targeted.
As demonstrated in Fig. 5A, DNMT1 expression was reduced to
levels closely approximating the lower levels seen in the respective
Kem III and Mutu III cell lines. Reevaluation of these cells for
DNMT3B expression confirmed that it had not been restored
(data not shown). However, as we had observed for Kem I and
Mutu I cells in which DNMT1 and DNMT3B had been singly
targeted, we did not observe a resulting activation of EBNA2 or
LMP1 expression (Fig. 5A). An RT-PCR-based analysis of EBNA
promoter usage, furthermore, revealed that neither Cp nor Wp
had been activated and that Qp, the promoter responsible for
EBNA1 expression during latency I (34, 54), remained the source
of EBNA1 mRNA (Fig. 5B).

Finally, to determine whether knockdown of either or both
DNMTs had any influence on the methylation status of Cp, we
subjected DNA isolated from parental, control, and the single and
double DNMT knockdown lines to methyl-CpG analysis by so-
dium bisulfite treatment and pyrosequencing (7). The results
from this analysis indicated that there had not been a significant
decrease in CpG methylation within Cp as a consequence of re-
duced DNMT expression (see Fig. S1 in the supplemental mate-
rial), consistent with our inability to amplify transcripts indicative
of Cp reactivation (Fig. 5B). Thus, despite the consistent elevation
of DNMT1 and DNMT3B expression among BL lines that retain
the latency I program relative to those that support latency III, this
is unlikely to be a mechanism for the maintenance of restricted
latency, at least within the context of the BL model of restricted
latency.

FIG 3 Reduction of DNMT1 levels in BL cells maintaining latency I does not
result in reactivation of the latency III program. (A) Immunoblot analysis of
DNMT1 expression in Kem I and Mutu I BL cell lines stably expressing control
(Ctl.) or DNMT1-specific (shDNMT1) shRNAs. (B) EBV EBNA2 and LMP1
expression were assessed as markers of potential reactivation of the latency III
program in the cell lines analyzed in panel A. Immunoblot detection of
�-tubulin and �-actin served as loading controls in panels A and B, respec-
tively.

FIG 4 Reduction of DNMT3B levels in BL cells maintaining latency I does not
result in reactivation of the latency III program. (A) qRT-PCR analysis of
DNMT3B in Kem I (left panel) and Mutu I (right panel) BL cell lines stably
expressing control (Ctl.) or DNMT3B-specific (shDNMT3B) shRNAs. (B)
EBV EBNA2 and LMP1 expression was assessed as markers of potential reac-
tivation of the latency III program in the cell lines analyzed in panel A. Immu-
noblot detection of �-actin served as a loading control. The one-sample Stu-
dent t test was used to determine statistical differences.

Hughes et al.

1038 jvi.asm.org Journal of Virology

http://jvi.asm.org


Role of CTCF in maintenance of restricted latency. Beyond
CpG methylation within latency gene promoters, one study has
suggested that upregulated expression of CTCF may be pivotal to
establishment and maintenance of restricted programs of EBV
latency, possibly via an enhancer-blocking function when bound
between Cp and its EBNA1-dependent enhancer within oriP (6).
However, while CTCF was shown to have a negative effect on
EBNA2 mRNA expression via its binding site in Cp, whether
CTCF is truly essential for the establishment or maintenance of
restricted latency was not directly addressed (see below also). A
subsequent study, furthermore, failed to note a strict correlation
between CTCF occupancy and Cp inactivity (51).

To establish whether elevated CTCF expression is indeed in-
volved in the maintenance of restricted latency, we first assessed
CTCF levels within two sets of paired BL cell lines (Kem I/III and
Mutu I/III), with both lines of each set having originated from the
same tumor but which maintain either latency I or III. As each set
is in theory isogenic, they represent ideal models with which to
delineate the influence of CTCF on this particular aspect of EBV

latency. As shown in Fig. 6A, CTCF was indeed expressed at higher
levels in the BL lines Kem I, Mutu I, and Ak-BL (all of which
maintain latency I) than it was within LCLs (TN11/10 and Ak-
LCL), consistent with the previous report (6). Note that although
the relatively higher levels of �-actin (loading control) detected
within the LCL samples suggest that these lanes had been over-
loaded, indicating that CTCF levels may be even lower in the
LCLs, we have found when comparing LCL to BL cell lysates,
either from equal cell number or containing equal total protein,
that the �-actin level is consistently higher within LCLs. Thus, the
CTCF levels detected in LCLs as shown in Fig. 6A (without cor-
rection for apparent overloading) are likely a true representation
of the actual amount of this protein within LCLs relative to BL
cells. Interestingly, though CTCF levels were consistently higher
in Kem I and Mutu I cells than in their latency III counterparts
(Fig. 6A and B), the differences in CTCF expression between la-
tency I and III within these isogenetic pairs of BL lines were mod-
est and clearly not as great as those between the latency I BL lines
and LCLs as shown here and noted previously (6). Also, CTCF
levels were equivalent in EBV-negative and EBV-positive
Ak-BL cells, suggesting that the virus is not responsible, di-
rectly or indirectly, for promoting CTCF expression. Finally,
we noted that CTCF levels were also relatively high within the
BL lines Oku and Sal, which maintain the variant Wp-restricted

FIG 5 Combined knockdown of DNMT1 and DNMT3B does not reactivate
latency III-associated mRNA and protein expression. (A) Demonstration by
immunoblotting of the knockdown of DNMT1 within Kem I and Mutu I BL
cell lines in which stable knockdown of DNMT3B had been previously
achieved (Fig. 4), i.e., double knockdown (Dbl). Control (Ctl.) lines expressed
the standard control (non-DNMT-specific) shRNA in addition to the
DNMT3B-specific shRNA. EBV EBNA2 and LMP1 expression was assessed as
markers of potential reactivation of the latency III program; immunoblot de-
tection of �-tubulin and �-actin served as loading controls. (B) Lack of detec-
tion by RT-PCR of mRNAs from the latency III-specific EBNA promoters Cp
and Wp indicates that transcriptional silencing of these promoters is sustained
upon combined knockdown of DNMT1 and DNMT3B. Kem III and Mutu III
served as positive controls for the detection of Cp and Wp usage; detection of
Qp-specific EBNA1 mRNAs expressed during latency I in Kem I and Mutu I
cells and their derivative cell lines served as a positive control for RNA integ-
rity. Note that a faint larger cDNA amplified with Cp- and Wp-specific primers
is the result of retention of the 81-bp intron between exons W1/W01 and W2.
�RT, absence of reverse transcriptase in the cDNA synthesis reaction mixture
prior to amplification by PCR.

FIG 6 Elevated CTCF expression is not essential for maintenance of restricted
EBV latency. (A) CTCF and �-actin (loading control) were detected by immu-
noblotting in B-cell lines maintaining the latency I (Kem I, Mutu I, and Ak-
BL), latency III (Kem III, Mutu III, LCL TN11/10, and Ak-LCL), or Wp-
restricted (Oku and Sal) program of EBV latency and in EBV-negative Akata
BL cells (EBV-neg Ak). (B) Stable shRNA-mediated knockdown of CTCF in
Kem I (left panel) and Mutu I (right panel) BL cells maintaining latency I to
levels at or below those observed within cells maintaining latency III (Kem III
and Mutu III) did not result in reactivation of EBNA2 and LMP1 expression
characteristic of latency III. (C) Transcriptional silencing of the latency III-
specific EBNA promoter Cp is sustained upon stable knockdown of CTCF.
RNA isolated from the cells analyzed in panel B was subjected to RT-PCR to
detect Cp (latency III) and Qp (latency I). �RT, absence of reverse transcrip-
tase in the cDNA synthesis reaction mixture prior to amplification by PCR.
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latency program. Although Cp is silent in these cells, presum-
ably due to loss of EBNA2 expression as a consequence of a
deletion common to BL cells that exhibit Wp-restricted latency
(23), expression of the remaining five EBNAs is sustained via
Wp (21), suggesting that any negative influence of CTCF on Cp
does not necessarily extend to Wp.

We next addressed whether increased expression of CTCF is
critical to maintenance of latency I by knocking down its expres-
sion within Kem I and Mutu I cells and assessing whether this was
sufficient to promote reactivation of the latency III program. As
illustrated in Fig. 6B, even at a level of CTCF expression compa-
rable to that observed in LCLs (Fig. 6B, Kem I shCTCF line 4), we
did not observe detectable expression of EBNA2 or LMP1 in Kem
I cells as a result. We did observe a low level of LMP1 (but not
EBNA2) within the Mutu I cells, but this occurred as well within
the cells that received vector encoding the control shRNA, and, as
noted above, Mutu I cells are not particularly strict in their sup-
pression of LMP1 expression. Consistent with the inability to de-
tect EBNA2, we did not detect transcripts originating from the
EBNA promoter Cp in association with knockdown of CTCF,
while Qp-specific EBNA1 transcripts (indicative of latency I) were
detectable in all Kem I and Mutu I lines (Fig. 6C). Finally, even
after maintenance of CTCF knockdown for over a year, these cell
lines continue to maintain latency I. We concluded, therefore, that
either CTCF is not essential for maintenance of latency I in BL cells
or a level of its expression comparable to that in B cells that sup-
port latency III is sufficient. Regardless, our results indicate that
differential expression of CTCF alone is unlikely to be a significant
factor in the maintenance of restricted latency once it has been
established.

CTCF contributes to establishment of restricted latency. The
above results did not exclude the possibility that CTCF contrib-
utes to silencing of the EBV genome during the early stages of
infection through negative effects it may have on transcription
from Cp. In support of this, Chau et al. demonstrated that in
EBV-negative BL cells transfected with either a BAC DNA clone of
a wt EBV genome or one mutated by deletion of the Cp CTCF site,
expression of EBNA2 mRNA at 72 h posttransfection was on av-
erage 5-fold higher in the cells transfected with the mutated EBV
genome (6). Though consistent with a role for CTCF in negative
regulation of Cp, whether restricted latency was able to be estab-
lished upon transfection with wt EBV DNA but not that of �CTCF
EBV was not demonstrated. Moreover, it is our experience and
that of others that establishment of restricted latency following
infection of EBV-negative BL cells typically requires several weeks
or longer (30, 50, 63). Thus, it was unclear from this previous
report whether CTCF is indeed a pivotal player in the regulation of
EBV latency programs through its influence on Cp.

Given these issues and the earlier-noted observation that
CTCF occupancy at its site within Cp does not strictly correlate
with latency type (51), we next explored the role of CTCF in the
establishment of restricted latency. To do this, we generated a
mutant rEBV comparable to the one previously described (6) in
which the CTCF binding site of Cp was deleted. The approach that
we employed to generate this mutant rEBV (�CTCF) from a BAC
clone of the Akata EBV genome is illustrated in Fig. 7. Wild-type
and �CTCF rEBVs (both encoding GFP and neomycin resistance)
were then produced from HEK293 cells (see Materials and Meth-
ods) and used to superinfect Kem I BL cells. This B-cell model of
EBV infection that we have recently developed (14) has significant

FIG 7 Generation of �CTCF rEBV. Shown is the recombineering strategy used to generate a mutant rEBV genome deleted for the previously identified CTCF
binding site within Cp (6). (Left) Agarose gel electrophoresis of BamHI-digested and corresponding Southern blot of parental Ak-BAC-GFP DNA (lane 1), the
intermediate BAC clone containing the targeting fragment with the cassette FRT-rpsL-tet-FRT in place of the CTCF binding site in the BamHI-C fragment of the
EBV genome (lane 2), and the final BAC clone of �CTCF rEBV after Flp-mediated removal of the targeting cassette (lane 3). The black dot denotes the BamHI-C
restriction fragment from the BAC clone of the Akata EBV genome (lane 1) and white dots the expected BamHI restriction fragments after insertion of the
targeting cassette with a single BamHI restriction site in the tetracycline resistance gene into BamHI-C, resulting in loss of the BamHI-C fragment upon digestion
(lane 2). The Southern blot was probed with 32P-labeled selection cassette fragment to ensure that inappropriate recombination had not occurred outside the
desired locus. (Right) Configuration of the BamHI-C locus within the BAC clone of the Akata EBV genome is shown above the intermediate and final
configurations of the locus during recombineering to delete the CTCF binding site upstream of Cp. The locations within BamHI-C of the Pol III genes encoding
the EBER1 and EBER2 transcripts (small arrows), the latency origin of DNA replication oriP, the lytic cycle gene BCRF1 (dark block arrow), the CTCF binding
locus, the EBNA2-responsive enhancer (open rectangle), and the Cp transcription start site (bent arrow) are indicated for reference. Vertical arrows indicate
locations of BamHI restriction sites; BamHI restriction fragments denoted in lanes 1 and 2 in the ethidium bromide-stained agarose gel (left) are shown under
the respective DNA configuration (right). After Flp-mediated removal of the FRT-flanked selection cassette, a single FRT site remains at the site of the 197-bp
deletion that removed the CTCF binding site, resulting in a slightly smaller BamHI-C fragment.
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advantages over the infection of EBV-negative BL cells to study
establishment of restricted latency. Most notably, infection of
EBV-negative BL lines frequently results in integration of the EBV
genome (15), and the time required to convert from latency III to
I can be quite variable (30, 63). In contrast, we have found that
following superinfection, the frequency of genome integration is
much lower or nonexistent, and the conversion from latency III to
I, at both the mRNA and protein levels, is generally complete at 1
month postsuperinfection. Importantly, the EBNA gene tran-
scriptional program of the endogenous EBV genomes within su-
perinfected Kem I, as well as those within superinfected Akata BL
cells (9), remains latency I, whereas transcription from the
superinfecting-virus genomes appears to transition from latency
III to I (14). Thus, establishment of restricted latency by the su-
perinfecting virus would appear to recapitulate that which is be-
lieved to occur within normal B cells infected in vivo.

For these experiments, we obtained two Kem I lines from in-
dependent superinfections that stably retained infection with the
�CTCF rEBV as demonstrated by detection of GFP expression
and neomycin (G418) resistance (Fig. 8A). As shown in Fig. 8B,
these lines, like those generated by superinfection with wt virus,
were able to establish and maintain restricted latency as evidenced
by detection of EBNA1 but not EBNA2 and LMP1. This suggested
that the Cp CTCF binding site, and thus CTCF, is not essential for
the establishment of restricted latency in this system. However,
when we assessed EBNA promoter usage in these cells by RT-PCR,
we did detect a low level of Cp activity in both Kem I lines super-
infected with �CTCF rEBV but not in those superinfected with wt
rEBV (Fig. 8C). We did note that the level of Qp EBNA1 tran-
scripts appeared to be lower in the two lines containing �CTCF
EBV genomes, consistent with somewhat lower EBNA1 protein
levels; possible reasons for this are discussed below.

Finally, because the superinfecting strain of rEBV (Akata) has a

nucleotide polymorphism in the first exon (C1) of Cp-specific
transcripts (9) that we determined is not present within the en-
dogenous (Kem) viral genome (14), we were able to confirm that
these cDNAs generated from the RNA of Kem I cells superinfected
with �CTCF rEBV did indeed originate from the superinfecting-
virus genome, as expected (data not shown). Interestingly, when
we reexamined Cp usage at 14 months postsuperinfection, one of
the �CTCF lines still supported a low level of Cp usage, whereas in
the other we could no longer detect Cp transcripts (data not
shown). Thus, while the CTCF sites in Cp might not be absolutely
essential for the establishment of restricted latency, prolonged us-
age of Cp in the �CTCF EBV genome, albeit at a level insufficient
to generate detectable EBNA2, suggested that CTCF does indeed
contribute to silencing of Cp.

DISCUSSION

The mechanisms that orchestrate silencing of EBV latency gene
expression during establishment of latency within B lymphocytes,
and the subsequent maintenance of the protein-encoding genes in
their transcriptionally inactive state (the exception being EBNA1
expression via Qp), are critical to EBV’s ability to colonize its
human host and thus underlie its pathogenic potential. DNA
methylation has long been known to preclude EBV latency gene
expression, and it is reasonable to expect that this is a regulated
process, as an inappropriately directed or timed methylation
would have a deleterious effect on establishment of latency. Fur-
ther, an inability to sustain methylation would most likely facili-
tate a reactivation of viral protein expression that would subject
infected B cells to detection and elimination by host T cells. One
possible means to ensure maintenance of the EBV genome in its
hypermethylated state is through upregulation of DNMT expres-
sion. Indeed, we consistently observed higher expression of
DNMT1 and DNMT3B in B-cell lines that maintain latency I than
in those that sustain latency III. Regardless, even combined
knockdown of both DNMTs failed to result in reactivation of the
latency III program from latency I in BL cells, suggesting that
DNMT1 and DNMT3B expression comparable to that in latency
III B-cell lines is, at least in the context of a previously established
restricted latency, above a threshold necessary to ensure appropri-
ate maintenance of DNA methylation-dependent transcriptional
silencing.

While upregulated expression of DNMT1 and -3B does not
appear to play a critical role in the maintenance of restricted la-
tency, this may not be the case during its establishment. Previous
work demonstrated that the LMP1 protein of EBV induces expres-
sion of DNMT1, -3A, and -3B when expressed within epithelial
cell lines and consequently the methylation-dependent repression
of E-cadherin (64). Similarly, within gastric carcinoma cell lines
hypermethylation of the PTEN promoter is associated with an
induction of DNMT1 expression by LMP2A (11). These results
may suggest that LMP1 and LMP2A, expressed early upon infec-
tion within the latency III or II programs, may collaborate to ac-
tually initiate CpG methylation within the EBV genome through
induction of cellular DNMTs.

In apparent contrast to the previous reports of LMP1 and
LMP2A induction of DNMT1 and -3B, a recent report demon-
strated that EBV infection of GC B cells leads to repression of
DNMT1 and DNMT3B expression and an upregulation of the de
novo DNA methyltransferase DNMT3A (28). Though repression
of DNMT1 (but not DNMT3B) could be attributed to LMP1,

FIG 8 Elimination of the CTCF binding site results in sustained usage of Cp.
Kem I BL cells (latency I) were superinfected with either wt or �CTCF rEBV.
(A) Detection of GFP expression indicates that superinfecting-virus genomes
are retained. (B) Absence of EBNA2 and LMP1 (indicative of latency III; see
Kem III positive control) suggests that CTCF is not essential for establishment
of restricted latency. Detection of �-actin served as a loading control. (C)
Analysis of EBNA promoter usage by RT-PCR. The low level of Cp-specific
transcripts in cells superinfected with �CTCF but not wt rEBV suggests that
CTCF is essential for efficient silencing of Cp. �RT, absence of reverse trans-
criptase in cDNA synthesis reaction mixture. All data shown were obtained
from cells at approximately 12 months postsuperinfection.
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induction of DNMT3A expression was not due to LMP1. More-
over, the relative levels of DNMT1, -3A, and -3B observed in
newly established LCLs generated from these GC B cells (which
maintain latency III) matched those in cell lines derived from
Hodgkin lymphoma, a tumor of GC B-cell origin (28). The appar-
ent opposite effect of EBV on expression of DNMT1 and -3B in
GC B cells (repression) and epithelial cells (activation) may reflect
involvement of different cellular and/or viral factors. We note that
the repression of DNMT1 and -3B in GC B cells (28) appears to be
consistent with the lower level of these DNMTs in BL and LCL
lines that maintain latency III relative to latency I BL lines, as
observed here. Interestingly, following infection of GC B cells,
DNMT3A could be detected within chromatin associated with
Wp (but not Cp) (28), the EBNA promoter used prior to EBNA2
transactivation of EBNA expression from Cp. Most importantly,
EBV-mediated induction of DNMT3A and its direct association
with Wp, a latency gene promoter that undergoes methylation
relatively early in infection (16) and which must ultimately be
silenced to establish and maintain restricted latency, support the
notion that methylation of the EBV genome is a regulated process.
It will be interesting to determine, therefore, whether DNMT3A
plays a critical role in the establishment of restricted latency be-
yond methylation of Wp.

Taking a similar tack to investigate the requirement for CTCF,
we found that elevated expression of this multifunctional regula-
tor of transcription is not critical for the maintenance of restricted
latency in BL cells. This is perhaps not surprising given that the
Cp/Wp locus is heavily methylated during latency I within BL
cells, and to our knowledge there are no reported instances of
direct CTCF involvement in the promotion or maintenance of
DNA hypermethylation; indeed, CTCF is well known for its ability
to insulate against spread of hypermethylation (38). That CTCF
might be involved in maintenance of restricted latency via a neg-
ative influence on Cp was suggested previously by experiments in
which transient small interfering RNA (siRNA)-mediated knock-
down of CTCF in Mutu I BL cells (latency I) resulted in a small
(less than 2-fold) increase in EBNA2 mRNA (presumably from
Cp) (6). However, the apparent detection of small amounts of
EBNA2 mRNA within Mutu I BL cells prior to knockdown of
CTCF made it difficult to conclude from these results whether
reduction in CTCF resulted in reactivation of Cp or simply greater
transcription from copies of Cp that had undergone reactivation
prior to knockdown of CTCF (as noted above, Mutu I cells are
somewhat leaky in their ability to stringently maintain latency I).
In contrast, upon maintenance of reduced CTCF expression in
both Kem I and Mutu I BL cells over several months, even at the
much lower LCL-supported levels, we failed to note any apprecia-
ble reactivation of Cp or other indicators of latency III, such as
EBNA2 and LMP1 expression (Fig. 6). We conclude, therefore,
that upregulation of CTCF expression (at least above that ob-
served during latency III in LCLs) is not necessary to sustain si-
lencing of Cp or for the maintenance of a restricted latency pro-
gram in general. However, this does not necessarily preclude the
involvement of CTCF, as its contribution to EBV latency may be
regulated through means other than its level of expression (see
below).

With respect to CTCF involvement in the initiation or estab-
lishment of restricted latency, two observations have been previ-
ously provided as evidence to support a role for CTCF, the first
being a reduction in EBNA2 mRNA upon transient overexpres-

sion of CTCF in Raji BL cells (latency III) (6). The ability of CTCF
to negatively regulate Cp activity, however, does not necessarily
distinguish between CTCF acting as a transcriptional repressor of
Cp in the classical sense, perhaps involved in the normal regula-
tion of Cp during latency III, and CTCF as a factor in promoting
the epigenetic silencing of Cp during the transition to restricted
latency (though it does not necessarily preclude it from acting as
such either). Second, upon transfection of EBV-negative DG75 BL
and HEK293 cells with a BAC clone of either the wt EBV genome
or one from which the CTCF binding site within Cp had been
deleted, EBNA2 mRNA expression (presumably from Cp) was
5-fold greater from the mutated EBV genomes in both cell lines
when assessed at 72 h posttransfection (6). Although both of these
cell lines can support restricted latency (Cp/Wp silent) upon in-
fection with wt EBV, this typically requires from 2 weeks
(HEK293) to several months (DG75) to be established following
initial support of latency III (30, 36). Thus, in the time frame of the
previously described experiment (72 h), it was not possible to
conclude whether loss of CTCF binding upstream of Cp would
have actually precluded establishment of restricted latency, and
the observed increase in EBNA2 mRNA may have simply reflected
loss of normal transcriptional repression by CTCF during latency
III, as noted above.

For these reasons, we generated a comparable mutant rEBV
(�CTCF) containing the same deletion of the CTCF binding site
upstream of Cp as previously described (6) and tested the ability of
this virus relative to wt rEBV to establish latency I upon superin-
fection of Kem I BL cells. Upon superinfection with wt rEBV, these
BL cells retain the endogenous viral genome in a latency I program
(EBNA1 expression from Qp), and the superinfecting-virus ge-
nomes transition from latency III to I over the course of 1 to 2
months (14). Consistent with the prediction of Chau et al. (6), we
found that our �CTCF rEBV exhibited delayed silencing of Cp,
and in one of two superinfected lines obtained, Cp usage has per-
sisted beyond 14 months. We suspect that the late silencing of Cp
in the other line may have been the consequence of eventual inac-
tivation by DNA methylation.

An important caveat was that although we observed sustained
Cp activity from �CTCF rEBV by RT-PCR, this level of Cp usage
was not sufficient for detectable expression of EBNA2 (Fig. 8B).
This could not be explained by a reduction in superinfecting-virus
genomes or their possible integration into host DNA, as fused-
terminus analysis (42) of the EBV genomes within superinfected
Kem I cells revealed that the copy numbers of superinfecting
�CTCF and wt rEBV genomes were equivalent within their re-
spective lines, and there was no evidence of integration through or
near the viral terminal repeats (data not shown). One possible
explanation may be that a latency III pattern of protein expression
is not compatible with these BL cells over an extended period.
Consequently, there may ultimately have been a selection for cells
that supported a lower level of transcription from Cp within the
superinfecting-virus genomes, i.e., below a critical threshold to
circumvent deleterious effects of prolonged latency III protein
expression. If so, then the fact that even low Cp usage persisted
over an extended period (�12 months) despite the absence of
appreciable EBNA2 (a transactivator of Cp) would appear to ar-
gue strongly that CTCF plays a pivotal role in the silencing of Cp.
Additionally, we have subsequently determined that within Kem I
cells superinfected with �CTCF virus, as well as within Kem III
and Mutu III cells (positive controls for Cp usage), we can detect
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transcripts initiating at least 110 bp upstream of the previously
defined Cp transcription start site (data not shown). Interestingly,
these adopt the splicing pattern of authentic Cp-specific EBNA
transcripts (at least within their 5= termini), though whether these
are latency-specific transcripts from which the EBNAs are actually
expressed is unclear at this time. While it is formally possible that
they are spliced versions of read-through transcripts from an up-
stream lytic cycle gene, this seems unlikely given that they were not
detected in an earlier nuclease protection analysis of Cp tran-
scripts within the lytically infected (TPA-treated) B95-8 LCL (49).
Further, the fact that such transcripts also were not implicated
from 5= mapping assays of Cp-derived mRNAs in latently infected
cells, primarily LCLs and EBV-negative BL lines infected in vitro
(49, 68), may indicate that Kem III and Mutu III (which came into
use later) can support EBNA transcription from an alternative
start site (though we have determined by RNA ligase-mediated 5=
rapid amplification of cDNA ends [RACE] that Kem III cells also
support transcription from the defined Cp start site). Regardless,
if these novel transcripts are not competent mRNAs for EBNA
expression, this could further explain the lack of EBNA expression
in the �CTCF EBV superinfections.

Interestingly, we also observed a lower level of EBNA1- and
Qp-specific EBNA1 mRNAs in cells superinfected with �CTCF
rEBV (Fig. 8B and C), suggesting that such a selection may have
resulted in a universal reduction in EBV transcription, but it was
still above a threshold necessary to produce sufficient EBNA1 for
maintenance of the rEBV genome to enable cell growth under
neomycin selection. While our paper was in preparation, Tempera
et al., employing a chromosome conformation capture (3C) assay,
reported the existence of chromatin looping within EBV genomes
that is dependent on CTCF bound to its sites at Cp and Qp and
which brings the EBNA1 enhancer within oriP in juxtaposition to
Qp; deletion of the Cp binding site eliminates oriP association
with Qp and favors Cp (57). The decrease that we observed in Qp
activity as a consequence of deleting the CTCF site in Cp (Fig. 8C),
therefore, would appear to be consistent with this recent report.
However, it is unclear why this would have resulted in a notable
decrease in overall Qp activity given the presence in our superin-
fected Kem I cells of endogenous (wt) genomes, the copy numbers
for which are approximately an order of magnitude higher than
those for the superinfecting-virus genomes (data not shown).

In summary, the results presented here together with the pre-
vious and most recent findings of Lieberman and colleagues (6,
57) are consistent with CTCF as a negative regulator of Cp that
contributes to its silencing, a critical step in the establishment of
persistent EBV infection. Clearly, an important issue to be re-
solved is how CTCF differentially orchestrates its effects on Cp.
While previous (51) and current (Fig. 6) results argue against el-
evated expression of CTCF as a primary basis for the maintenance
of restricted latency, presently we cannot exclude the possibility
that increased occupancy by CTCF due to increased levels contrib-
utes to initiation of silencing of Cp. Alternatively, whether or not
CTCF promotes silencing of Cp may be dependent on one or
more posttranslational modifications (26, 29, 72) and/or the avail-
ability of an active cofactor(s). With respect to the latter, recent
profiling of the EBV genome within Raji BL cells detected the
cohesin subunit Rad21 at six sites within the EBV genome, each of
which colocalized with sites of CTCF binding (13). Interestingly,
two CTCF binding sites within the EBV genome with which Rad21
did not significantly associate in Raji cells (latency III) (13) were

the site within Cp and that 5= of the EBER1 gene (6, 8, 51), i.e., on
the opposite side of the EBNA1-dependent enhancer of Cp within
oriP. This may be significant insofar as cohesin may act in con-
junction with CTCF in intrachromosomal looping of DNA (66), a
feature that appears to be central to CTCF’s function as an insu-
lator or enhancer-blocking factor (38). Given the recent identifi-
cation of CTCF-dependent alternative chromatin conformations
adopted by the EBV genome in different latency programs (57), it
will be interesting to determine whether differential association of
cohesin with CTCF at these sites underlies CTCF’s ability to si-
lence Cp. Ultimately, it will be important to have a thorough un-
derstanding not only of how CTCF function is regulated at this
locus but of how this is integrated with the DNA methylation
machinery of the cell and what role EBV itself may play in regu-
lating the transition to restricted latency.

ACKNOWLEDGMENTS

We thank Hien Dang, Scott Jones, and Lindsay Ward-Kavanagh for their
excellent technical assistance, Laura Carrel and Sarah Arnold-Croop for
advice and help with pyrosequencing, Teru Kanda and Kenzo Takada for
their kind gift of Ak-GFP-BAC, and the Molecular Genetics & DNA Se-
quencing Core Facility of the Penn State Hershey Cancer Institute.

This work was supported by U.S. Public Health Service grants
CA056645 and CA117827 to C.E.S. and CA073544 and AI073215 to J.T.S.,
by the Penn State Hershey Cancer Institute, and in part by a grant with the
Pennsylvania Department of Health using Tobacco Settlement Funds.

REFERENCES
1. Abbot SD, et al. 1990. Epstein-Barr virus nuclear antigen 2 induces

expression of the virus-encoded latent membrane protein. J. Virol. 64:
2126 –2134.

2. Alfieri C, Birkenbach M, Kieff E. 1991. Early events in Epstein-Barr virus
infection of human B lymphocytes. Virology 181:595– 608.

3. Allday MJ, Crawford DH, Thomas JA. 1993. Epstein-Barr virus (EBV)
nuclear antigen 6 induces expression of the EBV latent membrane protein
and an activated phenotype in Raji cells. J. Gen.Virol. 74:361–369.

4. Bell A, Skinner J, Kirby H, Rickinson A. 1998. Characterisation of
regulatory sequences at the Epstein-Barr virus BamHI W promoter. Vi-
rology 252:149 –161.

5. Chau CM, Lieberman PM. 2004. Dynamic chromatin boundaries delin-
eate a latency control region of Epstein-Barr virus. J. Virol. 78:
12308 –12319.

6. Chau CM, Zhang XY, McMahon SB, Lieberman PM. 2006. Regulation
of Epstein-Barr virus latency type by the chromatin boundary factor
CTCF. J. Virol. 80:5723–5732.

7. Colella S, Shen L, Baggerly KA, Issa JP, Krahe R. 2003. Sensitive and
quantitative universal pyrosequencing methylation analysis of CpG sites.
Biotechniques 35:146 –150.

8. Day L, et al. 2007. Chromatin profiling of Epstein-Barr virus latency
control region. J. Virol. 81:6389 – 6401.

9. Evans TJ, Jacquemin MG, Farrell PJ. 1995. Efficient EBV superinfection
of group I Burkitt’s lymphoma cells distinguishes requirements for ex-
pression of the Cp viral promoter and can activate the EBV productive
cycle. Virology 206:866 – 877.

10. Gahn TA, Sugden B. 1995. An EBNA-1-dependent enhancer acts from a
distance of 10 kilobase pairs to increase expression of the Epstein-Barr
virus LMP gene. J. Virol. 69:2633–2636.

11. Hino R, et al. 2009. Activation of DNA methyltransferase 1 by EBV latent
membrane protein 2A leads to promoter hypermethylation of PTEN gene
in gastric carcinoma. Cancer Res. 69:2766 –2774.

12. Hochberg D, et al. 2004. Demonstration of the Burkitt’s lymphoma
Epstein-Barr virus phenotype in dividing latently infected memory cells in
vivo. Proc.Natl. Acad. Sci. U. S. A. 101:239 –244.

13. Holdorf MM, Cooper SB, Yamamoto KR, Miranda JL. 2011. Occupancy
of chromatin organizers in the Epstein-Barr virus genome. Virology 415:
1–5.

14. Hughes DJ, Dickerson CA, Shaner MS, Sample CE, Sample JT. 2011.

CTCF, DNMT1, and DNMT3B in Restricted EBV Latency

January 2012 Volume 86 Number 2 jvi.asm.org 1043

http://jvi.asm.org


trans-repression of protein expression dependent on the Epstein-Barr vi-
rus promoter Wp during latency. J. Virol. 85:11435–11447.

15. Hurley EA, et al. 1991. When Epstein-Barr virus persistently infects B-cell
lines, it frequently integrates. J. Virol. 65:1245–1254.

16. Hutchings IA, et al. 2006. Methylation status of the Epstein-Barr virus
(EBV) BamHI W latent cycle promoter and promoter activity: analysis
with novel EBV-positive Burkitt and lymphoblastoid cell lines. J. Virol.
80:10700 –10711.

17. Jansson A, Masucci M, Rymo L. 1992. Methylation of discrete sites
within the enhancer region regulates the activity of the Epstein-Barr virus
BamHI W promoter in Burkitt lymphoma lines. J. Virol. 66:62– 69.

18. Jimenez-Ramirez C, et al. 2006. Epstein-Barr virus EBNA-3C is targeted
to and regulates expression from the bidirectional LMP-1/2B promoter. J.
Virol. 80:11200 –11208.

19. Jin XW, Speck SH. 1992. Identification of critical cis elements involved in
mediating Epstein-Barr virus nuclear antigen 2-dependent activity of an
enhancer located upstream of the viral BamHI C promoter. J. Virol. 66:
2846 –2852.

20. Kanda T, Yajima M, Ahsan N, Tanaka M, Takada K. 2004. Production
of high-titer Epstein-Barr virus recombinants derived from Akata cells by
using a bacterial artificial chromosome system. J. Virol. 78:7004 –7015.

21. Kelly G, Bell A, Rickinson A. 2002. Epstein-Barr virus-associated Burkitt
lymphomagenesis selects for downregulation of the nuclear antigen
EBNA2. Nat. Med. 8:1098 –1104.

22. Kelly GL, et al. 2009. An Epstein-Barr virus anti-apoptotic protein con-
stitutively expressed in transformed cells and implicated in Burkitt
lymphomagenesis: the Wp/BHRF1 link. PLoS Pathog. 5:e1000341.

23. Kelly GL, et al. 2005. Epstein-Barr virus nuclear antigen 2 (EBNA2) gene
deletion is consistently linked with EBNA3A, -3B, and -3C expression in
Burkitt’s lymphoma cells and with increased resistance to apoptosis. J.
Virol. 79:10709 –10717.

24. Kintner C, Sugden B. 1981. Conservation and progressive methylation of
Epstein-Barr viral DNA sequences in transformed cells. J. Virol. 38:
305–316.

25. Kirby H, Rickinson A, Bell A. 2000. The activity of the Epstein-Barr virus
BamHI W promoter in B cells is dependent on the binding of CREB/ATF
factors. J. Gen. Virol. 81:1057–1066.

26. Klenova EM, et al. 2001. Functional phosphorylation sites in the
C-terminal region of the multivalent multifunctional transcriptional fac-
tor CTCF. Mol. Cell. Biol. 21:2221–2234.

27. Lee EC, et al. 2001. A highly efficient Escherichia coli-based chromosome
engineering system adapted for recombinogenic targeting and subcloning
of BAC DNA. Genomics 73:56 – 65.

28. Leonard S, et al. 2011. Epigenetic and transcriptional changes which
follow Epstein-Barr virus infection of germinal center B cells and their
relevance to the pathogenesis of Hodgkin’s lymphoma. J. Virol. 85:
9568 –9577.

29. MacPherson MJ, Beatty LG, Zhou W, Du M, Sadowski PD. 2009. The
CTCF insulator protein is posttranslationally modified by SUMO. Mol.
Cell. Biol. 29:714 –725.

30. Maeda A, et al. 2001. EBNA promoter usage in EBV-negative Burkitt
lymphoma cell lines converted with a neomycin-resistant EBV strain. Int.
J. Cancer 93:714 –719.

31. Mann KP, Staunton D, Thorley-Lawson DA. 1985. Epstein-Barr virus-
encoded protein found in plasma membranes of transformed cells. J. Vi-
rol. 55:710 –720.

32. Masucci MG, et al. 1989. 5-Azacytidine up regulates the expression of
Epstein-Barr virus nuclear antigen 2 (EBNA-2) through EBNA-6 and la-
tent membrane protein in the Burkitt’s lymphoma line rael. J. Virol. 63:
3135–3141.

33. Meitinger C, Strobl LJ, Marschall G, Bornkamm GW, Zimber-Strobl U.
1994. Crucial sequences within the Epstein-Barr virus TP1 promoter for
EBNA2-mediated transactivation and interaction of EBNA2 with its re-
sponsive element. J. Virol. 68:7497–7506.

34. Nonkwelo C, Skinner J, Bell A, Rickinson A, Sample J. 1996. Transcrip-
tion start sites downstream of the Epstein-Barr virus (EBV) Fp promoter
in early-passage Burkitt lymphoma cells define a fourth promoter for ex-
pression of the EBV EBNA-1 protein. J. Virol. 70:623– 627.

35. Ostler KR, et al. 2007. Cancer cells express aberrant DNMT3B transcripts
encoding truncated proteins. Oncogene 26:5553–5563.

36. Paulson EJ, Fingeroth JD, Yates JL, Speck SH. 2002. Methylation of the
EBV genome and establishment of restricted latency in low-passage EBV-
infected 293 epithelial cells. Virology 299:109 –121.

37. Paulson EJ, Speck SH. 1999. Differential methylation of Epstein-Barr
virus latency promoters facilitates viral persistence in healthy seropositive
individuals. J. Virol. 73:9959 –9968.

38. Phillips JE, Corces VG. 2009. CTCF: master weaver of the genome. Cell
137:1194 –1211.

39. Pope JH, Scott W, Moss DJ. 1973. Human lymphoid cell transformation
by Epstein-Barr virus. Nat. New Biol. 246:140 –141.

40. Puglielli MT, Desai N, Speck SH. 1997. Regulation of EBNA gene tran-
scription in lymphoblastoid cell lines: characterization of sequences
downstream of BCR2 (Cp). J. Virol. 71:120 –128.

41. Puglielli MT, Woisetschlaeger M, Speck SH. 1996. oriP is essential for
EBNA gene promoter activity in Epstein-Barr virus-immortalized lym-
phoblastoid cell lines. J. Virol. 70:5758 –5768.

42. Raab-Traub N, Flynn K. 1986. The structure of the termini of the
Epstein-Barr virus as a marker of clonal cellular proliferation. Cell 47:
883– 889.

43. Rhee I, et al. 2002. DNMT1 and DNMT3b cooperate to silence genes in
human cancer cells. Nature 416:552–556.

44. Rickinson AB, Kieff E. 2006. Epstein-Barr virus, p 2655–2700. InKnipe
DM, Howley PM, Griffin DE, Lamb RA, Martin MA, Roizman B, Straus
SE (ed), Fields virology, 5th ed. Lippincott Williams & Wilkins, Philadel-
phia, PA.

45. Robertson KD, Ambinder RF. 1997. Mapping promoter regions that are
hypersensitive to methylation-mediated inhibition of transcription: ap-
plication of the methylation cassette assay to the Epstein-Barr virus major
latency promoter. J. Virol. 71:6445– 6454.

46. Robertson KD, Ambinder RF. 1997. Methylation of the Epstein-Barr
virus genome in normal lymphocytes. Blood 90:4480 – 4484.

47. Robertson KD, Hayward SD, Ling PD, Samid D, Ambinder RF. 1995.
Transcriptional activation of the Epstein-Barr virus latency C promoter
after 5-azacytidine treatment: evidence that demethylation at a single CpG
site is crucial. Mol. Cell. Biol. 15:6150 – 6159.

48. Robertson KD, et al. 1996. CpG methylation of the major Epstein-Barr
virus latency promoter in Burkitt’s lymphoma and Hodgkin’s disease.
Blood 88:3129 –3136.

49. Rooney CM, et al. 1992. Host cell and EBNA-2 regulation of Epstein-Barr
virus latent-cycle promoter activity in B lymphocytes. J. Virol. 66:
496 –504.

50. Ruf IK, et al. 1999. Epstein-barr virus regulates c-MYC, apoptosis, and
tumorigenicity in Burkitt lymphoma. Mol. Cell. Biol. 19:1651–1660.

51. Salamon D, et al. 2009. Binding of CCCTC-binding factor in vivo to the
region located between Rep* and the C promoter of Epstein-Barr virus is
unaffected by CpG methylation and does not correlate with Cp activity. J.
Gen.Virol. 90:1183–1189.

52. Salamon D, et al. 2003. High-resolution methylation analysis and in vivo
protein-DNA binding at the promoter of the viral oncogene LMP2A in B
cell lines carrying latent Epstein-Barr virus genomes. Virus Genes 27:
57– 66.

53. Salamon D, et al. 2001. Protein-DNA binding and CpG methylation at
nucleotide resolution of latency-associated promoters Qp, Cp, and
LMP1p of Epstein-Barr virus. J. Virol. 75:2584 –2596.

54. Schaefer BC, Strominger JL, Speck SH. 1995. Redefining the Epstein-
Barr virus-encoded nuclear antigen EBNA-1 gene promoter and tran-
scription initiation site in group I Burkitt lymphoma cell lines. Proc. Natl.
Acad. Sci. U. S. A. 92:10565–10569.

55. Sung NS, Kenney S, Gutsch D, Pagano JS. 1991. EBNA-2 transactivates
a lymphoid-specific enhancer in the BamHI C promoter of Epstein-Barr
virus. J. Virol. 65:2164 –2169.

56. Takacs M, Myohanen S, Altiok E, Minarovits J. 1998. Analysis of meth-
ylation patterns in the regulatory region of the latent Epstein-Barr virus
promoter BCR2 by automated fluorescent genomic sequencing. Biol.
Chem. 379:417– 422.

57. Tempera I, Klichinsky M, Lieberman PM. 2011. EBV latency types adopt
alternative chromatin conformations. PLoS Pathog. 7:e1002180.

58. Tempera I, Wiedmer A, Dheekollu J, Lieberman PM. 2010. CTCF
prevents the epigenetic drift of EBV latency promoter Qp. PLoS Pathog.
6:e1001048.

59. Thorley-Lawson DA. 2001. Epstein-Barr virus: exploiting the immune
system. Nat. Rev. Immunol. 1:75– 82.

60. Tierney R, Kirby H, Nagra J, Rickinson A, Bell A. 2000. The Epstein-
Barr virus promoter initiating B-cell transformation is activated by RFX
proteins and the B-cell-specific activator protein BSAP/Pax5. J. Virol. 74:
10458 –10467.

Hughes et al.

1044 jvi.asm.org Journal of Virology

http://jvi.asm.org


61. Tierney R, et al. 2007. Epstein-Barr virus exploits BSAP/Pax5 to achieve
the B-cell specificity of its growth-transforming program. J. Virol. 81:
10092–10100.

62. Tierney RJ, et al. 2000. Methylation of transcription factor binding sites
in the Epstein-Barr virus latent cycle promoter Wp coincides with pro-
moter down-regulation during virus-induced B-cell transformation. J. Vi-
rol. 74:10468 –10479.

63. Trivedi P, et al. 2001. Differential regulation of Epstein-Barr virus (EBV)
latent gene expression in Burkitt lymphoma cells infected with a recom-
binant EBV strain. J. Virol. 75:4929 – 4935.

64. Tsai CN, Tsai CL, Tse KP, Chang HY, Chang YS. 2002. The Epstein-Barr
virus oncogene product, latent membrane protein 1, induces the down-
regulation of E-cadherin gene expression via activation of DNA methyl-
transferases. Proc. Natl. Acad. Sci. U. S. A. 99:10084 –10089.

65. Wang F, Tsang SF, Kurilla MG, Cohen JI, Kieff E. 1990. Epstein-Barr
virus nuclear antigen 2 transactivates latent membrane protein LMP1. J.
Virol. 64:3407–3416.

66. Wendt KS, et al. 2008. Cohesin mediates transcriptional insulation by
CCCTC-binding factor. Nature 451:796 – 801.

67. Woisetschlaeger M, et al. 1991. Role for the Epstein-Barr virus nuclear
antigen 2 in viral promoter switching during initial stages of infection.
Proc. Natl. Acad. Sci. U. S. A. 88:3942–3946.

68. Woisetschlaeger M, Strominger JL, Speck SH. 1989. Mutually exclusive
use of viral promoters in Epstein-Barr virus latently infected lymphocytes.
Proc. Natl. Acad. Sci. U. S. A. 86:6498 – 6502.

69. Woisetschlaeger M, Yandava CN, Furmanski LA, Strominger JL, Speck
SH. 1990. Promoter switching in Epstein-Barr virus during the initial
stages of infection of B lymphocytes. Proc. Natl. Acad. Sci. U. S. A. 87:
1725–1729.

70. Yoo L, Speck SH. 2000. Determining the role of the Epstein-Barr virus Cp
EBNA2-dependent enhancer during the establishment of latency by using
mutant and wild-type viruses recovered from cottontop marmoset lym-
phoblastoid cell lines. J. Virol. 74:11115–11120.

71. Young L, et al. 1989. Expression of Epstein-Barr virus transformation-
associated genes in tissues of patients with EBV lymphoproliferative dis-
ease. N. Engl. J. Med. 321:1080 –1085.

72. Yu W, et al. 2004. Poly(ADP-ribosyl)ation regulates CTCF-dependent
chromatin insulation. Nat. Genet. 36:1105–1110.

73. Zhao B, Sample CE. 2000. Epstein-Barr virus nuclear antigen 3C activates
the latent membrane protein 1 promoter in the presence of Epstein-Barr
virus nuclear antigen 2 through sequences encompassing an spi-1/Spi-B
binding site. J. Virol. 74:5151–5160.

74. Zimber-Strobl U, et al. 1991. Epstein-Barr virus nuclear antigen 2 acti-
vates transcription of the terminal protein gene. J. Virol. 65:415– 423.

CTCF, DNMT1, and DNMT3B in Restricted EBV Latency

January 2012 Volume 86 Number 2 jvi.asm.org 1045

http://jvi.asm.org

